Abstract Receptive-field properties of 273 relay (principal, P-) cells of the dorsal lateral geniculate nucleus (LGd) were studied in urethaneanesthetized albino rats, in an attempt to see if there is some relation between the visual property and the conduction velocity of afferent optic nerve fibers. According to properties of the receptive-field center, P-cells were classified into two types, common (89 %) and uncommon (11 %). The common type consists of OFF-phasic, ON-phasic, ON-tonic and ON-OFF-phasic cells, while the uncommon type includes ONinhibited, moving-sensitive, ON-OFF-inhibited, simple-cell-like and complex-cell-like cells. The mean response latency to single optic chiasm shocks increases in the order of OFF-phasic (1.94 msec), ONphasic (2.35 msec), ON-tonic (2.87 msec), ON-OFF-phasic cells (3.04 msec) and uncommon type (3.18 msec). The mean size of the receptivefield center in each of the four common types was smaller than that in the uncommon type; 6°-7° vs. 11°. From responsiveness to moving light spots with speeds faster than 25°-30°/sec, P-cells of the common type were divided into the fast-and slow-movement-sensitive cells. The ratio of occurrences of fast-to slow-movement-sensitive cells decreases in the order of the OFF-phasic (2.7), ON-phasic (2.4), ON-tonic (1.1) and ON-OFF-phasic types (0.06). The optic chiasm latencies were shorter than 2.5 msec in most of the fast-movement-sensitive cells while the reverse was true for most of the slow-movement-sensitive cells. From these findings discussions were made to point out that the rat
1973; HAYHOW et al., 1962; HICKEY and SPEAR, 1976; RIBAK and PETERS, 1975) . The LGd is known to function as a relay to primary visual cortex (VC), while the LGv has been shown as a relay to several subcortical areas such as the superior colliculus and the pretectum (RIBAK and PETERS, 1975 ; SWANSON et al., 1974) . The two parts thus appear to be involved in transmission of different kinds of visual information. The present series of experiments were initiated to clarify electrophysiologically functional differences between the two parts at the singleunit level. The present report deals with visual properties of LGd cells, and those of LGv cells will be reported elsewhere (Sumitomo et al., in preparation) .
In recent years a number of studies have been devoted to functional classification of relay cells of the LGd in various animals, including the cat and monkey (CLELAND et al., 1971b ; CLELAND et al., 1976; DREHER et at., 1976; FUKADA and SAITO, 1972; HOFFMANN et al., 1972; MARROCCO, 1976; SHERMAN et al., 1975; WILSON et al., 1976) . It has been shown that properties of the relay cells are differentiated according to those of their respective retinal inputs. This has led to the three-group classification of the LGd cells (Y-, X-and W-types) as is made for the retinal ganglion cells. One major characteristic of such differentiation is that the conduction velocity of retinal afferents innervating the Y-, X-and Wtype relay cells decreases in this order (CLELAND and LEVICK, 1974a, b; STONE and FUKUDA, 1974a) . For the rat LGd, we previously established the classification of relay cells as the fast and slow cells on the basis of response to electrical stimulation of the optic tract (FUKUDA, 1973; FUKUDA and SUGITANI, 1974; FUKUDA et al., 1975) . As compared with the slow cells, the fast cells have shorter response latencies and shorter durations of post-excitatory inhibition. However, it remains unsolved how the fast and slow cells so distinguished differ in visual properties, although SEFTON and BRUCE (1971) and his associates (1968, 1969) have reported on the receptive-field properties of relay cells in general. Thus, the main subject of the present experiments was to ask whether receptive-field properties of relay cells are related to the afferent conduction velocities in such a manner as to be found in other species. We will report some properties of non-relay cells recorded within or near the LGd as well.
METHODS
General preparation. Thirty-seven albino rats, weighing 250-350 g, were used. Under anesthesia with urethane (1.2-1.5 g/kg, i.p.), the animals were mounted on a stereotaxic head holder specially designed for vision research. They were paralysed with an initial dose of 40 mg/kg gallamine triethiodide and artificially ventilated by a pump at a rate of 110/min. All the surgical wounds were infiltrated with a 1 % Xylocaine solution. During the course of the experiments, small doses of the same anesthetics were given as required. Body temperature was kept at 37-38°C with a heating pad. as uniformly as possible, the distribution of the receptive-field center given in Fig. 2 would reflect the centro-peripheral gradient of retinal representation within the LGd. This has been suggested by MONTERO et al. (1968 ) previously. LUND et al. (1974 have shown anatomically that the central retina is represented within the LGd more widely than the peripheral one.
B. Identification of units Description in the following sections is mainly concerned with 273 principal (P-) cells whose receptive-fields were defined for the contralateral eye. The P-cells which responded to visual stimuli presented to the ipsilateral eye will be dealt with later. All the P-cells responded to single OX-shocks with shortlatency spikes (initial spike, IS) followed by one or two late discharges (LDs) as reported previously (BURKE and SEFTON, 1966; FUKUDA, 1973 (FUKUDA, 1973) .
Our single unit recordings, however, included three other classes of units as well. First, we recorded 7 cells responding to single OX-shocks with the IS but without LDs. They never responded antidromically after stimulation of the VC. These units were always small in spike amplitude and usually easy to be ruptured upon a small advancement of the recording electrode. According to SUMITOMO and IWAMA (1977) , we interpreted them as intrinsic (I-) cells. Second, we recorded 5 perigeniculate reticular (PGR) cells which were originally interpreted as intrinsic cells and called I-cells (BURKE and SEFTON, 1966) . As has been evidenced by SUMITOMO et al. (1976) , however, Burke and Sefton's I-cells were located in the thalamic reticular nucleus anterior to the LGd. Third, we recorded 4 optic tract fibers showing spikes characterized by sharp positive deflections without significant negative deflections (BISHOP et al., 1962) .
C. Receptive-field classification
With a total of 273 P-cells receptive-field properties were determined with stationary or moving light spots of various sizes. For a majority of cells, dark disks of various sizes were used as well. From various tests, about 90 % of the total sample showed common receptive-field types such as ON-center, OFFcenter or ON-OFF-center while the rest had various uncommon receptive-field types. They are summarized in Table 1 .
Common types. In terms of receptive-field center response, four types were distinguished in this category; OFF-phasic (N=74), ON-phasic (86), ON-tonic (32) and ON-OFF-phasic (51) types. Sample responses to a centered stationary stimulus are shown in Figs. 4A, B, C and D. The tonic-phasic classification was based on how long the spike response endured during activation of the receptive-field center. All the histograms were made while a light spot, approximately equal in size to the receptive-field center, was flashed on and off. The 
response in the ON-tonic cell lasted throughout the stimulus presentation and lacked a sharp phasic component which was common among the phasic types. The tonic property of the ON-tonic cells was retained even when the activation time was prolonged to about 5 sec.
Responses to moving stimuli of a light spot or dark disk were as follows. The OFF-phasic cells responded to centrifugal motions of light spots as well as to centripetal motions of dark disks. Conversely, the ON-phasic or ONtonic cells responded to centrifugal movements of dark spots as well as to centripetal movements of light spots. The ON-OFF-phasic cells were activated by both centri-fugal and -petal movements of either light or dark spots.
The receptive-field surround was detected by observing responses either to a stationary spot flashed at various positions surrounding the center or to a light annulus flashed on and off with the center masked by a dark shadow. With 31 % of the OFF-phasic cells (24/74), the antagonistic ON-surround was thus detected whereas in the group including the ON-tonic and ON-phasic cells, only 5% (6/118) showed the antagonistic OFF-surround (Fig. 5A ). For most of the ON-OFF-phasic cells tested, the inhibitory surround of various strengths was detected such that when stimulated alone, the surround produced no response, but when stimulated together with the center, it suppressed the center response (Fig. 5B) .
Uncommon types. Within this category, five types were identified; ONinhibited (N=10), moving-sensitive (9), ON-OFF-inhibited (3), simple-celllike (7) and complex-cell-like (1). The ON-inhibited cells responded with cessa- tion of the spontaneous activity to a flashing light on (Fig. 4E ). Although centripetal movements of a light spot were also effective to suppress their spontaneous discharge, centrifugal movements of a dark disk were not, this being different from the response characteristics to moving stimuli of the OFF-phasic cells. The moving-sensitive cells responded only to moving light spots or dark disks and not to stationary light spots flashed on and off; they preferred small spots moving across the center. Spontaneous activity was usually quite low in this class of cell. The ON-OFF-inhibited cells were characterized by a moderate level of spontaneous activity (about 20 spikes/sec) which was phasically suppressed when a centered spot was turned on or off (Fig. 4F ). Such suppression of spontaneous activity was also produced by both centrifugal and centripetal movements of light spots or dark disks. The simple-cell-like cells responded best to flashing an adequately oriented light slit. The receptive-field mapped with a small spot consisted of two elongated squares, characterized by different response properties and flanked with each other (see right top in Fig. 5C ). The response significantly decreased when both regions were activated simultaneously (Fig.  5C ). cell was complex-cell-like, characterized by the preference for an adequately oriented moving slit. A stationary light slit produced only poor ON-OFF responses. Directional selectivity. Among a total of 273 units, 19 (about 7 % of the total sample) exhibited direction-selective responses to moving stimuli. They included 5 moving-sensitive, 5 ON-OFF-phasic, 3 OFF-phasic, 2 ON-phasic, 1 ON-inhibited, 2 simple-cell-like and 1 complex-cell-like cells. Sample records from a direction-selective cell are shown in Fig. 6 . The response of this cell to a small flashing light spot located at the center was ON-OFF-phasic, though the response was brisker at on than at off (Fig. 6A) . When a large spot was flashed, the response was dramatically suppressed (Fig. 6B and see also Fig. 5B ). Figure 6C shows that the response to a light spot moving across the receptivefield varied depending upon its direction; among the eight directions of movement tested, any movement directed downward was much less effective than the others. With a dark disk moved across the receptive-field the preference for upward movements was observed. Like this sample, in most cells the preferred direction was not sharply tuned in narrow angles. Only rarely we encountered cells which showed clearly the null direction in the sense that me spontaneous activity was inhibited by the movement of a light spot in a direction opposite to the preferred one. Figure 7A represents the locations of the receptive-field centers of 19 direction-selective cells in the visual field; arrows point to the preferred direction and their lengths are made proportional to the sizes of receptive field. Most direction-selective cells appear to be distributed in the central area within 30°-40° from the A.C. There is no relationship between the position of receptive-field center relative to the A.C. and the preferred direction. In Fig. 7B are summarized as a polar diagram the distribution of preferred directions. It is obvious that cells with preference for vertical movements exceed in number those with the horizontal preference. This confirms a previous report by MONTERO and BRUGGE (1969 However, these X-homologues constitute only 6.5 % (10/154) of the total sample, being significantly small in proportion compared with X-cells (48.4 %, WILSON et al., 1976 ; 49.8 %, CLELAND et al., 1976) in the cat LGd. Thus, an essential feature of the rat LGd seems to be a poor development or apparent loss of the X-system. To obtain a more decisive conclusion, however, further experiments are needed to test summation properties of receptive-fields of these X-like cells in a similar manner to the test used for the cat's X-cells (ENROTH-CUGELL and ROBSON, 1966) . The rat optic nerve has been shown to consist of three groups of fibers with different conduction velocities (SUMITOMO et al., 1969) . FUKUDA (1977) confirmed this fact and further showed that retinal ganglion cells were also classifiable into three groups according to the size of cell soma. Based on these findings and others, he suggested that large, medium-sized and small ganglion cells of the rat retina might correspond to the Y-, X-and W-type ganglion cells of the cat retina, respectively. However, in view of the above discussion as to the correspondence of P-cells between the rat and cat LGd, we must be cautious of simply accepting the suggested correspondence of retinal ganglion between the rat and cat. In fact, for example, afferent conduction velocities estimated from OXlatencies* for the P-cells of Y-homologue are distributed from 6.2 to 19.6 m/sec, covering the velocities of the fast and intermediate groups. This would imply that both large and medium-sized ganglion cells would be Y-like. On the other hand, we are safe to assume small ganglion cells of the rat to correspond to W-type ganglion cells of the cat, since afferent velocities estimated for W-homologous P-cells are distributed in approximately the same range as those of the slow conducting optic nerve axons, namely from 8.1 to 1.9 m/sec with a mode at around 4 m/sec. Fast and slow cells: As mentioned in the INTRODUCTION, FUKUDA (1973) has proposed a classification of the rat P-cells into fast and slow cells : P-cells are defined as either fast or slow according to whether their OX-latencies are shorter or longer than 2.63 msec. Since the two classes were later found to differ in response properties to single flash stimuli (FUKUDA et al., 1975) , it seems reasonable to expect that fast and slow P-cells differ in the receptive-field properties as well. In fact, in the OX-latency distribution histograms (Fig. 8 ) most of the OFF-phasic and ON-phasic cells are in the range of fast P-cells, whereas a vast majority of the ON-OFF-phasic cells are in the range of the slow P-cells . However, P-cells of other receptive-field types are distributed widely covering the range for both fast and slow P-cells. Thus, there is no simple correlation I. SUMITOMO, M. SUGITANI, and K. IWAMA between the fast/slow classification and the classification by receptive-field properties : Within each of the fast and slow classes there are included a variety of receptive-field types. Nonetheless, as far as P-cells with common type receptivefields are concerned, once we take the velocity sensitivity for moving stimuli into account, a clear dichotomy emerges segregating P-cells into either fast-or slow-movement-sensitive type. Importantly, the average OX-latency of each subgroup of fast-movement-sensitive cells ranged from 1.59 to 2.03 msec while that in slow-movement-sensitive cells from 2.60 to 3.84 msec, as summarized in Table 3 . Therefore, the previously established fast/slow classification is reflected in the fast-and slow-movement-sensitive cells. In support of this view, the relative occurrences of the fast-and slow-movement-senstive cells in the present experiments (55 % fast and 45 % slow) are very close to those of fast and slow P-cells (53-57 % fast and 43-47 % slow) (FUKUDA, 1973 ; FUKUDA and SUGITANI, 1974; FUKUDA et al., 1975) . Since from the argument in the preceding section all the slow-movement-sensitive cells can be homologized with various subtypes of cat W-cells, slow P-cells of the rat would probably correspond to W-cells. On the other hand, the fast P-cell group includes the homologues of both X-and Y-type cells of the cat, though the Y-homologues are in majority. Thus, the previously established classification of the rat's P-cells fast and slow cells most probably corresponds to the Y/W dichotomy in the cat's P-cells. Several lines of recent anatomical evidence in favor of the two group classification of P-cells in the rat LGd deserve mentioning. First, LUND and associates (CUNNINGHAM and LUND, 1971; LUND and CUNNINGHAM, 1972; LUND et al., 1976) divided the LGd into two zones, antero-medial and postero-lateral, which differ from each other in the type of optic nerve terminal degenerations after eye enucleation as well as in the synaptic configurations. Second, two types of optic nerve terminals, large and small (2a and 2b, respectively, according to the terminology of WINKELMANN et al., 1976) , are identified within the LGd: The large terminals contribute to make up the synaptic glomeruli whereas the small ones do not (see also LUND et al., 1976) . Third, two types of relay cells are distinguished in Golgi study, called type 1 and 2 by KRIEBEL (1975) (see also GROSSMAN et al., 1973) . Type 1 neurons are slightly larger in soma size than type 2 neurons and the two types of neurons are distributed within the LGd in a different fashion (GROSSMAN et al., 1973; KRIEBEL, 1975) . All these histological findings appear to corroborate the fast/slow classification of P-cells developed from our physiological studies. However, further systematic experiments are required to correlate physiological properties to morphological characteristics towards more complete understanding of functional organization of the rat LGd.
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